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CHAPTER 1
INTRODUCTION
1.1

Silanes

Functionalization is the process of modifying the surface of a material by inducing
physical, chemical or biological characteristics different from the ones originally
found on it. In many applications, we need a given substrate to have a different
chemistry than the existing one [1-12]. Applications of surface functionalization are
found in the coating industries due to its ability to provide adhesive properties to a
substrate [3], and in the micro-fluidic industries and bio-sensing systems due to its
ability to alter effective surface charge [10-13]. Hydrophobic films created by silanes
have a wide spectrum of applications and are used not only for resisting water and fog
condensation but also for preventing contamination [7]. The bonding of organosilane
with silica and glass-based substrates has shown to be a reasonably efficient means of
immobilizing antibodies in a bio-sensing system [10, 15].

An important goal of functionalization is to coat the surface with a uniform and
single layer of the silane. Successful and reproducible deposition of a monolayer
depends on hydration conditions, the type of silane used, and the techniques
employed [1-10]. The quality of the silane layer may also depend on the solvent,
especially whether it is an aqueous or anhydrous system [13]. One study has also
shown the (uniformity and chemistry) for (different silanes) are unaffected by whether
the solvent is (water or toluene or methanol) [2].

This work will investigate the effectiveness of three different silanes to functionalize
three different glass-based substrates. The purpose of using different silanes is to
change the bonding chemistry from a chlorosilane to an alkoxysilane. The substrates
1

span the range from commonly available substrates to specialty glasses. Further
discussion of each silane and substrate continues in the next sections.

1.1.1

CTMS

Chlorotrimethylsilane (CTMS) was used because of its unique chemistry. It has the
chemical formula ClSi(CH3)3. A representative picture of CTMS molecule is shown
in Figure 1.1 (obtained from Sigma Aldrich website).

Figure 1.1 The structural formula of a CTMS molecule.
The short chain length of CTMS makes it suitable to functionalize surfaces for microfluidic flow channels [11]. In these systems, the CTMS molecule can change the
surface chemistry without significantly changing the dimensions of the channel.
Functionalization of micro-channels is an end-use application for the studies in this
thesis. The CTMS molecule is also an ideal silane to use for fundamental studies of
deposition. Complications from cross-linking reactions in solution and steric issues
during deposition are limited or non-existent [14]. Fundamental studies of the uptake
of CTMS on glass are a core part of this thesis.

Literature studies of CTMS indicate a range of interest in using it to functionalize
surfaces [1-6]. Time-of-flight secondary ion mass spectrometry (ToF SIMS) has been
used to correlate the surface chemistry of CTMS with contact angles [3]. Optically
transparent hydrophobic CTMS-based films have been created by means of sol – gel
processing and self-assembly [4]. Their resultant CTMS-based coatings showed
2

optical transparency higher than 90% and reflection lower than 10%, and the best
advancing and receding water contact angles. A demonstration of a simple and
reproducible method to convert standard microscope glass slides to a transparent,
super-hydrophobic has been reported using CTMS [5]. The silane used in their
experiment was methyltrichlorosilane (CH3(Cl)3). Clean glass was coated with CTMS
and a commercial silane (Sigmacote) as a base for immobilizing DNA [18]. The
finding was, the length of stretched DNA molecules was longer on surfaces with a
high contact angle than those with a low contact angle.

1.1.2

APTES

Aminopropyltriethoxysilane (APTES) is used to functionalize surfaces across a wide
range of fields [7-10, 13, 17, 42]. It is a multifunctional silane consisting of an amine
group which helps for the further attachment of bio-logical molecules (e.g. protein,
DNA) [7, 10]. A representative picture of an APTES molecule is shown in Figure 1.2
(obtained from Sigma Aldrich website). APTES has the chemical formula
H2N(CH2)3Si(OC2H5)3 consisting of three ethoxy groups attached to a central silicon
atom with a chain of three ethyl groups bonded to an amine group on the other end.

Figure 1.2 The structural formula of an APTES molecule.
Where CTMS is a single-functional chloro-silane, APTES is a tri-functional alkoxysilane. Compared to CTMS, cross-linking is therefore more likely to occur in solution,
and the reaction chemistry to bond to a glass surface will be different. Also, APTES is
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amine terminated. An APTES coated surface should therefore be more hydrophilic
than one coated with CTMS. The advantage of APTES over CMTS is to create a
more hydrophilic surface. Unfortunately, because of the higher probability of crosslinking reactions, APTES is less appropriate to use for fundamental studies of the
silane reactions that occur during functionalization.

Studies of APTES to functionalize glass are common in the literature [7-10]. The
activation and functionalization of field-effect transistor semiconductor devices has
been demonstrated using APTES [7]. Post treatment of rinsing with dilute anhydrous
acetic acid on APTES functionalized surfaces resulted in a smoother surface. Studies
have been conducted on the method to prevent the loss of surface functionality
derived from an aminosilane [7-8]. In the findings, the hydrolytic stability of
aminosilane monolayers derived from N-(6-aminohexyl)-aminomethyltriethoxysilane
indicated that the amine-catalyzed detachment could be minimized by controlling the
length of the alkyl linker in aminosilanes [8]. Surface wetting properties of the
APTES self-assembled monolayer (SAM) using different contact angle measurement
techniques were studied [9]. The findings demonstrated that static advancing contact
angles were the most stable and credible for characterizing the APTES SAM surface
wettability.

1.1.3 Sigmacote
Sigmacote™ was used in this study as it is a commercial siliconizing agent from
Sigma Aldrich Corporation. It is a clear, colorless solution of chlorinated
organopolysiloxane in heptane. In comparison to CTMS, Sigmacote is a chlorosilane.
It should have a comparable bonding chemistry to react with glass. It is also a longer
chain molecule than CTMS. The primary advantage of Sigmacote over CTMS or
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APTES is that, as a commercial chemical, it offers a one-step and one-pot deposition
recipe with no significant variations to consider. A significant disadvantage of
Sigmacote is that its exact chemistry is proprietary. This limitation means that it is
inappropriate to use for fundamental studies of silanization chemistry.

Literature studies of Sigmacote indicate a range of applications [18-22]. The treatment
of a glass photomask with Sigmacote prior to spin-coating with SU-8 resulted in
polymerized SU-8 films that readily lifted from the photomask with little or no
fracturing [18]. Sigmacote treated glass was optically clear, and no differences were
observed either in required UV dose or in the geometry of the resulting apertures
when SU-8 was spin-coated on Sigmacote treated photomasks versus untreated
masks. Varying concentrations of Sigmacote have been used for the creation of higher
contact angle surfaces prior to treatment with ferric stearate [20]. The contact angle
measurement for a clean glass slide was up to 15o while the intermediate contact
angles were greater than 120o for slides treated with ferric stearate after Sigmacote
treatment. Sigmacote has been used as a hydrophobic substrate to improve embrod
bodies (EB) formation [22]. Their results showed that Sigmacote, as a hydrophobic
substrate, can improve EB formation from embryonic stem cells (ESCs). They also
demonstrated that the silicon- coating of glass petri dishes by Sigmacote is an easy
and reproducible technique to enhance EB formation from murine ESCs and
embryonal carcinoma (EC) cells.

1.2

Substrates

Glass-based substrates have proven to be useful in various fields such as bio-sensing,
LED screens, and electronic devices because of their general chemical inertness
towards most of the chemicals [1,5-6, 11-13, 15, 22-24, 27]. Despite the high cost in
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comparison to polymers, glass substrates remain the material of choice for the
majority of applications and commercial devices due to their characteristic properties
of better optical clarity, well-understood surface chemistry, and advanced fabrication
technologies adapted from the microelectronics industry [4-5, 10-12]. This study
focuses on three different glass-based substrates, namely borosilicate glass (glass),
APEX™, and quartz.

1.2.1

Borosilicate glass

Borosilicate glass was chosen because it is commonly used as a commonly base
substrate in industries. The composition of regular borosilicate glass is 81% SiO2,
13% B2O3, 4% Na2O, and 2% other compounds [25]. Glass-fabricated microstructures
are used extensively in micro-fluidics, lasers, and imaging optics. For microfluidic
applications, glass is considered superior to metals and semiconductors due to its wide
transparency band in the visible and infrared spectrum, its chemical resistivity, and its
high thermal and electrical insulation [4, 5, 15]. Devices fabricated in glass, fused
silica, or silica-coated silicon (Si/SiO2) are convenient for exploring silane-based
surface modification chemistries [12].

Many of the studies referenced in the sections on silanes used glass as the base
substrate [5, 12, 16, 23]. Studies of other silanes on glass are also documented [4-5].
Glass chips have been functionalized with 3-mercaptopropyltrimethoxysilane (MPTS)
to generate high-quality well-oriented thiol groups [23]. For the optimally silanized
surfaces, the surface density of functional thiol groups was 4.9× 1013 molecules/cm2,
which was similar to the expected maximum coverage obtained from the theoretical
estimations based on projected molecular area (∼5 × 1013 molecules/cm2 ).
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1.2.2 APEX
A photosensitive glass, APEX™ was used because it can be patterned for microfluidic processes [11]. Photo-definable glasses belong to the lithium–aluminium–
silicate family with impurities of metal oxides that greatly contribute to the photostructurability of these glasses. The general composition of APEX glass is 58.50%
SiO2, 16.64% Al2O3, 16.16% Li2O and B2O3, 1.78% Na2O, 4.96% K2O, 1.28% ZnO,
0.20% Ag2O, 0.25% Sb2O3, and 0.22% Ce2O3 [11, 24].
Surface free energy (SFE) of APEX glass measured with the Owens/Wendt geometric
method by using contact angles system [11]. Although SFE was modified at each
stage of device fabrication, but the SFE of the stock and fully processed glass was
approximately the same at a value of 51 mJ / m2. The optical and thermal behavior of
two commercially produced glasses APEX and Foturan™ has been studied and
correlated with their chemical composition [24]. The study found out that Foturan has
higher concentration of cerium and silver than APEX.

1.2.3

Quartz

Quartz is a model surface for the studies. Compared to the other glasses, it should
have a more uniform and consistent surface chemistry. It should also have a higher
degree of smoothness (lower surface roughness). The general composition of quartz is
96% SiO2, 4% B2O3 and trace amounts of Na2O, K2O and Al2O3 approximately
0.03% [25]. Quartz is one of the most useful natural materials. Its usefulness can be
linked to its physical and chemical properties. Quartz is chemically inert in contact
with most substances and exhibits a wide range of high optical transparency [1,25]. It
has electrical properties and is resistant to heat which make it valuable in electronic
products [26].
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Methylated quartz surfaces are extensively used in many fields including colloidal
science [1]. Quartz substrates have been used to fabricate micro-fluidic channel using
photolithographic, etching, and deposition technique [14]. The use of quartz
substrates for the study of microchip electrophoresis successfully demonstrated.
Quartz particles have been functionalized to varying known surface coverages by
reaction with solutions of trimethylchlorosilane in dry cyclohexane [6]. They
proposed the pH difference technique to measure the uptake of CTMS. In their
findings they observed that the methylene-blue adsorption data correlate better with
other data than do those from gas adsorption.

1.3

Scope

1.3.1

Goal and Motivation

The goal of this project is to demonstrate the effectiveness of different silane
formulations to functionalize glass-based substrates. Optimal silane coatings are
defined by such issues as surface coverage and uniformity. One of the motivations of
this work is to optimize the use of silanes to change the chemistry of surfaces used in
micro-fluidic flow systems. Another motivation of this work is to establish the best
methodologies to functionalize glass-based substrates as precursor to deposit films of
quantum dots using Langmuir deposition methods.

1.3.2

Objectives and Hypotheses

The first objective of this study is to use the best and most appropriate methods to
clean different glass-based substrates prior to functionalizing them with a silane. The
second objective is to determine the appropriate solution concentration to make a
uniform coating of the silane using wet chemistry. The third objective is to
characterize differences in the nature of the glass-based substrates and glass-based
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substrates coated with different silanes. The final objective it to confirm the expected
integrity of different silane coating when exposed to water. This work has three
hypotheses to be tested through experiments.


For a defined deposition time, an appropriate solution concentration exists
to make uniform coatings of CTMS on glass using wet chemistry methods.



Deposition of CTMS, Sigmacote, and APTES on glass, quartz, and APEX
give consistent chemistries depending on the silane but independent of the
substrate.



The integrity of an optimal CTMS, Sigmacote, or APTES silane coating
exposed to water depends on the functionality of the silane not on the
nature of substrate.

1.3.3

Approach and Outcomes

Glass-based substrates will be cleaned using easy and the best-available techniques
demonstrated in the literature. The objective is to obtain activated surfaces with a
uniform hydroxide layer, making the surfaces suitable for silanization. The studies in
this thesis will not involve detailed comparisons of different cleaning methods.

The first hypothesis will involve detailed analysis of the effect of CTMS solution
concentration on silanization process, over a range of 0.13 vol% to 10.00 vol% at
constant time. Uptake curves will be measured for CTMS on glass substrates. The
appropriate (optimal) concentration for functionalization will be determined from this
analysis. The second hypothesis will be validated by functionalizing all of the
substrates with each of the different silanes. The surface chemistry and topography of
the substrates will be confirmed before and after the silanization. The third hypothesis
will be verified by immersing the silanized samples in a DI water bath for a constant
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time. Change in surface chemistry will be measured before and after the water
immersion. Stability of the coating will be measured by comparing with commercially
used Sigmacote coating.

Following results are anticipated from this study:
 Cleaned surfaces will show consistent water contact angles, demonstrate a
hydrophilic nature, and have no significant foreign contamination.
 The consistency in the chemistry of the silane coating and uniformity in its
coverage will depend on solution concentration, and an appropriate solution
concentration will be reached.
 Coated surfaces will demonstrate hydrophobic or hydrophilic nature
characteristics of the end (non-bonding) group of the silane.
 Surfaces coated with the silane will be smoother than uncoated surfaces.
 Silane coatings will be stable when exposed to DI water depending on their
nature.

10

CHAPTER 2
EXPERIMENTAL METHODS
2.1 Materials
2.1.1 Substrates
Type No. 1 borosilicate cover slips (regular glass) of size 18 mm x 18 mm were
purchased from Fisher Scientific. Apex™ glass photo-sensitive microscope slides (75
mm x 25 mm x 1 mm) were purchased from 3D Glass Solutions (Albuquerque, NM).
Quartz substrates (19 mm x 19 mm x 0.5 mm) were bought from Ted Pella, Inc
(Redding, CA).

2.1.2 Chemicals
The

silanes

CTMS

aminopropyltriethoxysilane

(redistilled,
(APTES)

99+%),
were

SigmacoteTM,

purchased

from

Sigma

and

3-

Aldrich

(Milwaukee, WI). The cleaning chemicals methanol (MeOH, ≥ 98%), hydrochloric
acid (HCl, 36.5 to 38.0 %), and concentrated sulfuric acid (H2SO4, ≥ 95.5%) were
bought from Fisher Scientific. The solvent for the silane solution was toluene (≥
99.5%) purchased from Sigma Aldrich, Milwaukee, WI. Ultra-pure deionized water
was obtained from Fisher Scientific, and from an in-house distillation unit.

2.2 Surface Preparation
2.2.1 Cleaning
For uniform deposition of silane on glass-based substrates, cleaned and hydroxylated
surfaces are required [7, 16]. A universally accepted cleaning method does not exist
for glass-based substrates. In this study, glass-based substrates were cleaned using
two different techniques provided in the literature, namely, a wet cleaning method and
a dry cleaning method [7, 16, 31]. Detailed analysis to compare the cleaning methods
11

chosen from the literature was outside the scope of this thesis work. Their efficacy
was tested in an overview experiment using oil-contaminated glass substrates. After
the overview experiment was complete, regular glass and APEX were cleaned using
the wet cleaning method while quartz substrates were cleaned using the dry cleaning
method.

a. Wet Cleaning
Literature has demonstrated that organic contaminants present on glass can be
effectively removed with MeOH and HCl [7, 16]. Treatment with concentrated H2SO4
proposed to form metal soluble salts from the metal oxide contaminants present on the
surface, subsequently resulting in the removal of the contaminants from the surface.
Rinsing glass with DI water then is stated to leave behind a uniform layer of hydroxyl
groups on the surface.

The above principles of wet cleaning were utilized in this study. Care was taken to not
let the samples superimpose on each other. As a first step, regular glass and APEX
glass were kept in MeOH : HCL (1:1) for 30 min. This was followed by exhaustive
rinsing of the samples with deionized (DI) water until no schlieren lines were
observed. Next, the samples were kept in concentrated H2SO4 bath for 30 min. The
samples were then rinsed with DI water. The cleaned samples were stored in a DI
water bath for future use in the functionalization treatment.

b. Dry Cleaning
i. Plasma Cleaning
Plasma cleaner was used as one of the dry cleaning methods. Plasma, the fourth state
of matter [27], is a distinct processing medium for the treatment and modification of
surfaces. It is a partially ionized gas consisting of electrons, ions, and neutral atoms or
12

molecules. The energy of plasma ions is sufficient to break the molecules apart to
form reactive radical species. Products of plasma treatment are mostly gaseous CO2,
O2, and H2O in the form of moisture [27-30]. The type of interaction between plasma
and the sample surface depends on the parameters such as gas type, power, radio
frequency, and operation time [28-30].

chamber

gas inlet (detached from system)

Figure 2.1 The PDC-32G Harrick Plasma cleaner used for dry cleaning.
The plasma cleaner setup is shown in Figure 2.1. Plasma cleaning was carried out on
two types of samples, namely, as-given glass and oil-contaminated glass. The sample
was placed in a reaction chamber seen in Figure 2.1. The chamber was evacuated
using a vacuum pump. The process gas, air, was flown into the chamber for the
generation of plasma. Radio frequency was kept at a medium setting with an
operation time 3 min.
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ii. UV/Ozone Cleaning
A UV/Ozone treatment, a photosensitized-oxidation process, was the second dry
cleaning method used to remove organic surface contaminants from quartz. The
general principles of this method are documented elsewhere [31-32]. Light at a
wavelength of 184.9 nm is absorbed by oxygen in the air, resulting in the generation
of ozone. At the same time, the UV light at 253.7 nm is absorbed by the ozone,
leading to break up of the ozone molecules. As ozone is being continually generated
and destroyed, a steady-state concentration of atomic oxygen is developed within the
chamber, where it acts as a strong oxidizing agent. Since most hydrocarbons also
absorb the 253.7 nm radiation from the UV source, the organic molecules on the
substrate surface are rapidly oxidized, and the reactivity is enhanced. The reaction
products consist mainly of H2O, CO2, and N2. The oxidation results in a highly
cleaned and hydrophilic surface.

chamber (closed)

Figure 2.2 The Novascan PSD-UV/Ozone cleaner used for dry cleaning.
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A Novascan PSD-UV setup was used for this treatment, as shown in Figure 2.2. The
quartz substrates were rinsed with ethyl-alcohol prior to the dry cleaning treatment.
During this treatment, the quartz substrates were exposed to a low-pressure mercury
lamp (used as a source of UV light) in a closed chamber at atmospheric pressure for 3
min. This was followed by incubation for 20 min. The samples were used directly for
functionalization without further rinsing.

2.2.2 Functionalizing
Cleaned glass-based substrates were dried under fume hood prior to functionalization.
As shown in Figure 2.3, silanes were stored in N2 filled glove bag to avoid the air
contact and further contamination. Aliquots were taken out from silane stock and used
as required for functionalization.

Figure 2.3 A glove bag filled with N2 was used to store the silanes.
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A

N2 source

glove box

B

Figure 2.4 Experiments were done in a glove box (A) purged with N2. Samples were functionalized in glass vials (B).
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The complete functionalization procedure was carried out in a glove box filled with
N2 to avoid possible air contact. The samples were immersed in solution in individual
glass vials. The setup is shown in Figure 2. The glove box is in 2A and the glass vials
in 2B.

Prior to the functionalization treatment, the glass vials were cleaned thoroughly and
heated up in an oven for 120° C to 150° C to get rid of all possible contaminants.
They were cooled down to room temperature in the oven itself to avoid the moisture
pickup. After this stage, all glass vials were rinsed with the respective silane
solutions. The glass vials were covered with a cap to prevent further contamination.

For the ease of experimental measurements, solutions were performed in vol%. A
Labnet Labpette micropipette having a capacity in the range of 20 μl to 250 μl was
used to extract the specific amount of silane and add it to the requisite amount of
solvent. Toluene was used as the solvent during functionalization of the substrates
with CTMS and APTES. Sigmacote solution was used as supplied. The sample stood
vertically in each vial to expose both the sides of the glass surface to the silane
solution.

a. CTMS
Studies were done to determine the uptake of CTMS. For this set of tests, glass
substrates were functionalized over a range of concentrations from 0.13 vol% to
10 vol% for 20 min. Ten solutions were prepared at the same increments in
concentration across the range for each experiment to generate results for an uptake
curve. Three glass samples were silanized with CTMS at each solution concentration
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In tests for equilibrium uptake, two sets of four glass samples each were
functionalized using two different concentration values. One set used a lower
concentration of 0.25 vol% while the other used a higher concentration of 5 vol%.
Functionalization time for each set was 20 min.

Two sets of two glass samples each were also functionalized for 24 h using two
different concentration values. One set used a lower concentration of 0.25 vol% while
the other used a higher concentration of 5 vol%.

Based on the initial uptake studies, an appropriate (optimum) concentration to
functionalize glass with CTMS was proposed to be 1 vol%. This CTMS concentration
was used with the remaining glass-based substrates (Quartz and APEX).

b. Sigmacote™
Sigmacote™ silane obtained from the manufacturer was used as is for
functionalization of all the three substrates [33]. No further dilution was done.
Samples were dried under the hood. No further rinsing was performed.

c. APTES
The same parameters (concentration: 1 vol% and time: 20 min) used for CTMS
functionalization were tested with APTES. The same techniques implemented for the
preparation of silane solutions. Studies were performed on regular glass for 20 min
and 24 h. The appropriate parameters were proposed to be 1 vol% and 24 h. They
were used for the functionalization of remaining glass-based substrates (Quartz and
APEX).
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2.3 Water Testing
Glass substrates functionalized with all three silanes were immersed in DI water for
24 h to measure the integrity of the silanes. The setup for this test is shown in Figure
2.5. Three repeats runs were done using each silane after coating on glass at its
optimally chosen solution concentration and time. This means, CTMS at 1 vol% and
20 min, Sigmacote 20 min, and APTES 1 vol% and 24 h.

timer

samples in DI water vials

Figure 2.5 The setup for the stability tests in DI water.

2.4 Sample Characterization
2.4.1 Background
Samples were imaged under a microscope. Characterization methods were used to
determine the chemistry and structure. Sessile drop contact angles were measured to
determine chemistry and wettability. Scanning probe microscopy (SPM) was used to
image and measure the topography.
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2.4.2 Microscopic Imaging
The samples were imaged under a standard Nikon optical microscope as shown in
Figure 2.6. The magnification scales used were 3x and 65x.

Figure 2.6 A Nikon model JAPAN 274386 microscope and an attached Sony
model DXC-151A camera were used to obtain images of the samples in
reflected-light mode.
2.4.3 Contact Angle Goniometry
a. Instrumentation
Contact angle goniometry has been used to determine surface wettability in surface
sciences [7, 11, 16, 23, 34-40]. To find the contact angle for a liquid in contact with a
surface, a drop of the liquid is placed on a horizontal surface. A graphical
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representation of the surface tensions and contact angle for a sessile drop
measurement is shown in Figure 2.7. In this figure, γLV is the liquid-vapor surface
tension, γSV is the solid-vapor surface tension, γSL is the solid-liquid surface tension,
and θ is contact angle.
In the experimental procedure, a drop of 4 μL is placed on the surface of the material.
The stage that holds the sample is then oriented to image the drop. Measurements are
made by aligning a crosshair in the drop image to be tangent to the cross-sectional
curvature of the drop at a point where all three media (solid, liquid, and vapor) meet.

γlv

θ

γsv

γsl
Figure 2.7 Graphical representations of the surface tensions and contact angle
for a sessile drop measurement.
b. System Setup
The contact angle instrument used in this work is shown in Figure 2.8. It is a RaméHart model 290 F4 series automated Goniometer (Ramé-Hart Instrument Co.,
Succasunna, NJ, USA). A contact angle system consists of a light source, a computer,
a camera, a sample stage, and a syringe attached to a liquid dispensing system.
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testing liquid dispensing
syringe

computer

sample stage
camera
light source

Figure 2.8 Contact angles were measured by a Ramé-Hart model 290 F4 series
automated goniometer.
c. System Calibration
The contact angle system was calibrated using two methods provided in the user
manual. One was using a ‘Sphere’ method for the optical set up while the other was
using the manufacturer supplied PTFE (Teflon) sample with actual measurements.
The sphere calibration tool consisted of a steel ball bearing glued to a glass slide. The
glass slide was mounted vertically in order to image the steel ball through the glass.
The ball was positioned in the middle of the picture, as shown in Figure 2.9. The size
of pixels in horizontal and vertical direction was calculated using the stored diameter
value for the steel ball. This calculation was performed twice for better accuracy. New
values for the horizontal and vertical pixel sizes were compared to the corresponding
old values, and % deviation was measured, as shown in Figure. 2.9. The
measurements were repeated by moving the optical stage until the measured diameter
value was consistent with the known diameter. This approach gave a reliable optical
calibration of the system.
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Figure 2.9 A screen capture of the calibration standard for the contact angle system.
Calibration was also performed to confirm the accuracy of the experimental methods
and obtain a measure of the random (Type A) uncertainties that could be expected
during routine use of the system. Contact angles were measured on Teflon with DI
water. The drop of 4 μL was suspended on the Teflon sample and contact angles were
measured using the software tool. The resultant contact angle for 4 measurements
made on 3-5 different spots on the same supplier-provided sample was 104° ± 3°.
This was well within the range of 102° to 107° provided by the manufacturer. As seen
from the above results, the relative Type A uncertainty for measurements is about 3%.
The systematic, type B uncertainty on the system was ±0.05°, as set by the precision
of the rulers used to measure angle. Complete uncertainty analysis would propagate
the two values (Type A and Type B) in quadrature. For all analysis in this thesis,
propagation of the systematic measurement uncertainty on contact angle values was
ignored because it was always much smaller than the Type A uncertainty.
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2.4.4 Scanning Probe Microscopy
In this study, SPM was used to map topography on clean and functionalized surfaces.
Roughness values were measured to correlate with changes seen in the contact angles.
The SPM also imaged differences in surface chemistry across regions on the surfaces
using phase contrast mode.

a.

Instrumentation

Scanning probe microscopy has been used in the studies of surface characteristics
[41-44]. It probes the surface of a sample with a sharp tip, a couple of microns long
and often less than 10 nm in diameter. The tip is located at the free end of a cantilever
that is 100 μm to 200 μm long. Forces between the tip and the sample surface cause
the cantilever to bend or deflect. A detector measures the cantilever deflection as the
tip is scanned over the sample. The measured cantilever deflections allow a computer
to generate a map of surface topography [45].

In phase contrast mode, forces between the tip and the surface change the response
phase of the cantilever being driven in its resonance mode [44, 46]. Stronger attractive
forces retard the phase of cantilever to a greater degree. Distinct differences in
attractive forces on a surface appear in an image as stark differences in response phase
for the cantilever scanning across the regions. Phase contrast mode has been used to
study features such as grain boundaries, triple junctions, twinning, and inhomogeneity
in surface chemistry [45-46]. It records the phase changes present on a surface in
terms of degrees, wherein lower range indicates uniform chemistry throughout the
surface [9, 41-44].
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b.

System Setup

The SPM setup used in this study is shown in Figure 2.10. It is a Dimension 3000
(Digital Instruments, Santa Barbara, CA, USA). The SPM system consists of the
scanner head, sample stage, controller and computer attached to the system for the
capturing and processing of the data. The tip is attached to scanner head.

scanner head

sample
stage

Figure 2.10 The scanning probe microscope used in this work was a Dimension
3000.
c.

Analysis and Processing

Samples were mounted on sample stage night before the scanning. Images were
captured at a fixed scan size of 10 μm x 10 μm. The scans were done in tapping mode
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using cantilever with a nominal resonance frequency of 2 kHz to 3 kHz. Both height
mode and phase contrast mode images were captured simultaneously. Depending on
the sample topography, corresponding optimum values were set for amplitude
setpoint, integral and proportional gains, and scan rates. Captured images were
processed with XY second order plain fit to get roughness values, surface area, and
projected surface area. Images were subsequently processed with flattening tools to
remove disparities from one scan line to another for displaying cleanly in the thesis.
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CHAPTER 3
INITIAL STUDIES
3.1 Cleaning
Methods chosen from the literature to clean glass-based substrates are documented in
Chapter 2. They were used to clean the as-given glass, oil-contaminated glass, and
quartz as an overview of their efficacy. Characterization was done with contact
angles.
Table 3.1 The contact angles (°) from confirmatory cleaning tests. Measurements
represent an average and standard uncertainty from 2-3 measurements on two
samples.
Before
Plasma
Substrates

Plasma +

MeOH :

Acetone

HCl and

(20 min)

H2SO4

UV/

Cleaning
Ozone

As-given glass

58 ± 4

<8

-

-

24 ± 4

Oil-contaminated glass

72 ± 15

69 ± 9

-

44 ± 7

33 ± 1

Quartz

41 ± 6

-

<8

-

-

Contact angles measured before and after the cleaning procedure are given in Table
3.1 above. Before the cleaning treatment, as-given glass had a low (wetting) contact
angle with about 5% relative variation. This indicates that a hydrophilic layer with a
variation in contaminations present on the surface. After the plasma cleaning
treatment, the measured contact angle for as-given glass was nearly at perfect wetting
conditions. This indicated formation of a cleaner, hydrophilic surface. The wet
cleaning treatment applied to as-given glass surfaces also yielded a lower contact
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angle, in agreement with creating a cleaner surface. The value was however not as just
the plasma cleaner, meaning that plasma cleaning is better on as-given glass.

The plasma cleaning treatments did not show any significant change for the oilcontaminated glass surface. The plasma cleaner is inefficient by itself to remove gross
contaminants. The wet chemistry method removed the oil better and created a contact
angles compared to cleaning as-given. In a further test, oil-contaminated glass was
plasma cleaned and then sonicated in acetone bath for 20 min. This yielded lower
contact angles. The values were not as low as when the sample was cleaned with
MeOH : HCl followed by H2SO4. As a result of this study the cleaning method using
MeOH, HCl and H2SO4 chosen as the standard for cleaning regular glass and APEX.
Quartz was cleaned with the UV/Ozone system. A decrease in contact angles was
found, resulting in complete wetting [31] showed that a UV/Ozone cleaner can clean
both the sides of transparent substrate at the same time by photo-catalytic
decomposition of the contaminants. This eliminates the further possibility of a carryover of contamination during wet-chemistry used for silanization. The confirmatory
test results validated the use of the UV/Ozone cleaner for quartz.

3.2 CTMS
Despite lot of research being done on silanization, an appropriate concentration of
CTMS for the functionalization of glass based substrates is still unknown. Studies
were therefore carried out to find the appropriate concentration to functionalize with
CTMS. They included measurements of CTMS uptake and adsorption/desorption
equilibrium analysis. The results are shown in the next sections.
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3.2.1 CTMS Uptake Curve
An uptake curve of contact angle (degrees) versus concentration (vol%) for CTMS
functionalized glass-based substrates is shown in Figure 3.1. As can be seen in the
figure, the curve followed three distinct regions. In the first phase, as the
concentration of CTMS increased from 0.13 vol% to 0.75 vol%, a steady increase in
the corresponding contact angles was observed. During the second stage, as the
concentration increased from 1 vol% to 2.25 vol%, some inconsistency was observed
in the contact angle measurements. In the third phase, as the concentration increased
beyond 2.25 vol%, no significant change was observed in contact angles.

The contact angles are proposed to be indicative of the amounts of silane. This type of
correction is reported in literature [1, 4-5]. In particular Brito et al. have shown that
the contact angle uptakes of CTMS are indicative with ToF SIMS of the amounts
absorbed.

The Shape of the curve in Figure 3.1 remsembles what is typically seen in the process
of equilibrium adsorption isotherm (Langmuir) [47]. The phenomena of liquids and
gases adsorbing to solid surfaces was investigated by Irving Langmuir in 1916 [47].
Langmuir showed the relation between the adsorption of molecules on a solid surface
and the concentration of the molecules in the liquid or gas medium above the solid.
Further analysis was done to confirm whether the Langmuir adsorption isotherm fits
the data. Specifically, for a Langmuir isotherm to apply, the system must have
dynamic equilibrium between the adsorption and desorption of silane at any
concentration.
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CTMS Uptake Curve

Contact Angle [Degrees]
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Figure 3.1 The contact angle of CTMS on glass as a function of solution concentration for deposition at 20 mins. Points represent an
average and standard uncertainty from 3-5 measurements on three samples at each concentration.
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3.2.2 Step Concentration Test
The objective of this test was to determine whether making a step function change in
the solution concentration would cause a step function change in the adsorbed amount
of silane. Under true equilibrium adsorption processes, the change should occur
reversibly. As the adsorbed amount of silane changes, the contact angle should
change.

Table 3.2 The contact angle (°) of CTMS on glass from step concentration test.
Measurements represent an average and standard uncertainty from 3-5 measurements
on two samples at each step.
Step

Start

Step

Concentration

Contact Angle

Contact Angle

Low

High

68 ± 5

79 ± 2

High

Low

80 ± 4

79 ± 4

Contact angle measurements taken during the step concentration test are presented in
Table 3.2. Two sets of samples were functionalized with varying step changes in
concentration of silane. With reference to the table, low concentration corresponds to
0.25 vol% while high corresponds to 5 vol%. The contact angles after immersing for
20 min at low or high concentration matched the corresponding results obtained for
the CTMS uptake curve [Figure 3.1]. In the second step, the low concentration was
immediately increased to high after 20 min and the high was diluted to low.

Two findings were observed. When the concentration value was increased, the contact
angle measurement increased by approximately 10°. On the other hand, when the
concentration was decreased, no significant change was observed in the contact angle
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value. In a case of true equilibrium, when contact angle indicates surface coverage,
the contact angle should drop back to the low value when the solution concentration is
decreased. That this did not happen is a clear indication of a non-equilibrium
behavior.

3.2.3 Overnight Test
An overnight test was conducted on the samples for further verification of the
behavior observed during the step concentration test. When the system is at
equilibrium, the immersion time should play no role in defining the coverage of
CTMS. This test was performed on two sets of samples with concentration values of
0.25 vol% and 5 vol%. The samples were kept in solution for 24 h. The contact angles
for lower concentration values were 83° ± 4°, those for higher concentration were
87° ± 2°. The test results are compared in Figure 3.2.

This test led to the conclusion that even lower concentration values for
functionalization yielded higher and more stable contact angle measurements when
silanization time increased. In a case of true equilibrium, the contact angle should
have a lower value for low concentration and a higher for high concentration. The
overnight test did not showcase this behavior, proving again that functionalization
with CTMS was not an equilibrium process.
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Figure 3.2 The contact angle of CTMS on glass as a function of solution
concentration and time. Low is 0.25 vol% and high is 5.00 vol%. Bars represent an
average of three measurements on two samples at each concentration.

3.2.4 Discussion
Both the tests discussed above lead to the conclusion that functionalization with
CTMS is not an equilibrium (Langmuir) adsorption process. The curve in Figure 3.1
however has the characteristic shape of a Langmuir uptake. One way to reconcile the
conflicting observations is to propose a two step process to adsorb and bind CTMS.
The process is given in Equation 1 below.
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S + CTMS
G-OH + CTMS*

⇌

CTMS*
G-O-TMS + HCl + S

(1a)
(1b)

In this reaction, S is a glass substrate containing hydroxyl groups and oxide groups, G
in G-OH is glass containing hydroxyl groups, CTMS* is the physisorbed species of a
CTMS molecule, and G-O-TMS is trimethylsilane chemically bonded to glass. Step
1a is a fast and reversible process while step 1b is the rate determining (slow) and
irreversible step.

The physical interpretation of the two step mechanism is simple. First, the CTMS
molecule in silane solution physisorbs on the surface trying to cover as much area
possible. This creates a CTMS* physisorbed silane. Simultaneously weakly bonded
physisorbed molecules from other chemical species leave the surface. In the second
step, the physisorbed CTMS* species react with the hydroxyl groups on the glass
surface. This is a condensation reaction [1-2]. It forms G-O-TMS with HCl as a byproduct, which agrees with the general scheme proposed for silanization [2, 6].

At a lower concentration, the CTMS molecule does not fully cover the surface. This is
due to various possible reasons such as time availability for the reaction, steric
hindrance created by methyl clouds surrounded by silicon atom, and the presence of
water molecules on the surface. This behavior leads to two different models for how
the silane can cover the surface. One is a patchy model [1, 5, 11, 35, 38] and the other
is a micro-heterogeneous model [1, 4-6]. The equations for these models were
developed by Cassie [48] in 1944 and are used in the discussion below.

In the model for a patchy surface, fractional coverage, f is proportional to cos(θ) for
patchy surfaces. The surface may be composite, that is, consists of small patches of
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different chemistry. In the case, two types of chemistry can be assumed, covered
(functionalized) and uncovered (clean glass). The equation for contact angle on a
patchy surface is:
(2)

=

In this equation, θC is equilibrium contact angle on composite surface, and f1 and f2
are the area fractions of the surface occupied by two types of patches.

In the micro-heterogeneous model, the fractional coverage, f is proportional to (1+
cos(θ))2 for microscopically heterogeneous surfaces. The following equation applies:
(3)
In this equation, f1 and f2 are the fractions of the surface occupied by different types
of chemistry.

The contact angle data for CTMS on glass were analyzed in accord with the two
coverage models described above. A plot of cos(θ) versus concentration (M) is shown
in Figure 3.3a to fit the patchy coverage model. A plot of (1 + cos(θ))2 versus
concentration (M) is shown in Figure 3.3b to fit the micro-heterogeneous model.
Concentration is on a log scale to accentuate the behavior of coverage in distinct
regions. In order to include cleaned glass as well as 0 M CTMS values on log scale,
an approximate minimum threshold is assigned to each.
.
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Patchy Model

Cleaned Glass
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Toluene Uptake
Value at (0 M CTMS)
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Figure 3.3a Functional plot of the contact angle data from Figure 3.1 using a model where the coverage of CTMS is patchy.
Values for clean glass and zero concentration of CTMS are shown. The dashed lines are trends for the eye.
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Figure 3.3b Functional plot of the contact angle data from Figure 3.1 using a model where the coverage of CTMS is microheterogeneous. Values for clean glass and zero concentration of CTMS are shown. The dashed lines are trends for the eye.
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Both models show toluene has some uptake on clean glass. This is because of the
possible contaminants present in toluene. Both models show three distinct regions as a
function of concentration. The first phase has a steady uptake in contact angle with
concentration up to 0.06 M. It indicates a consistent decrease in the amount of patchy
or non-uniform coverage at lower solution concentration as the solution concentration
decrease. The second stage acts as a transition phase because of its greater variability
in contact angles. The measured contact angles vary from 80° to 90°. This indicates
inconsistent coverage at intermediate concentrations. Inconsistent coverage is
proposed due to competition between CTMS and physisorbed species (water).
Validation requires studies of uptake on dried glass surfaces. Compared to the first
two stages, the third is a stable stage. Here when the concentration reaches its
saturation limit, no significant change occurs in contact angle.

Either uptake model may be valid. The CTMS may be patchy or micro-heterogeneous
in its coverage. The best model depends on the uniformity of the glass chemistry to
start and the uniformity of the silane coverage. These two factors cannot be directly
measured by contact angles. Phase contrast images of clean and silanized glass (in
Chapter 4) suggest the micro-heterogeneous is more valid.

The appropriate concentration of CTMS for functionalization of glass-based
substrates at a constant time, 20 min, was finalized to be 1 vol%. This choice was
based on expediency in time (20 min versus 24 h). The choice in a “common”
concentration was also based on preliminary data over a limited range (up to 2 vol%)
[1]. In literature, 5 vol % and 11 vol % have been used for the functionalization time
of 30 min [2, 6]. Quartz and APEX substrates were then functionalized using the same
parameters.
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3.3 Sigmacote™
The deposition parameters for Sigmacote were provided by the supplier [33] and were
used as is. No further dilution was done. As per the procedure provided by the
supplier, the reaction time for functionalization with Sigmacote was almost
instantaneous [33]. For maintaining consistency with the CTMS functionalization
procedure, the time parameter was kept constant to 20 min throughout. No further
treatment such as rinsing and heating were performed. All glass-based substrates were
functionalized with using the same parameters.

3.4 APTES
Borosilicate glass was functionalized with APTES using the time and concentration
parameters of 20 min and 1 vol%. Contact angles were measured for glass
functionalized with APTES. The results are shown in Table 3.3. Contact angles for
cleaned glass tested with water matched with the values provided in Figures 3.3a and
3.3b. Functionalization with APTES for 20 min and 24 h resulted in lower contact
angles when tested with water.

Table 3.3 The contact angle (°) of APTES on glass. Measurements represent an
average and standard uncertainty from 3-5 measurements on two samples at each step.

Testing Liquid

As Given

APTES

APTES

(20 min)

(24 h)

Cleaned

Water

47 ± 4

24 ± 5

18 ± 2

<8

Formamide

58 ± 4

24 ± 4

49 ± 12

94 ± 8

The contact angle measurement taken at this point was found to be 18° ± 2°. This was
comparable to the contact angle of a cleaned surface (24° ± 2°).
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When water was used as the testing liquid, it reacted with the silane layer on the
surface leading to the removal of the silane. One possible reason for this behavior
could be the chemistry that the APTES molecule exhibits. The APTES is a multifunctional group silane having three ethoxy groups attached to a central silicon atom
having an amine group on the other end [8-9, 13]. Due to this molecular arrangement,
it is capable of polymerizing in the presence of water. The same was observed for 24
h functionalization with APTES wherein the contact angles were even lower.

The testing liquid was then changed to formamide. Contact angle measurements were
again taken for the samples (1 vol% concentration) functionalized for 20 min and
24 h. In the sample kept for 20 min, contact angle measurements were in a scattered
range of 49° ± 12°. This indicated poor silane coverage throughout the sample surface
area. On the other hand, the samples that were functionalized for 24 h showed a much
higher contact angle measurement of 94° ± 8°. As a result of this analysis, the
parameter set for the functionalization of glass with APTES was finalized to be
1 vol% concentration and 24 h.
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CHAPTER 4
COMPARISONS OF SILANE COATINGS
4.1 Optical Quality
Representative images of glass-based substrates examined under an optical
microscope are shown in Figure 4.1a-4.1d. For better quality, the images are digitally
enhanced by increasing contrast to 50 %.

The wet cleaned glass showed no microscopic or macroscopic features at 3x or 65x
magnification. The UV/Ozone cleaned quartz surfaces yielded the same results as wet
cleaned glass. However, macroscopic and microscopic irregularities were observed on
wet cleaned APEX. These observations led to the conclusion that glass and quartz
were likely smoother than APEX.

Functionalization with CTMS resulted in an optically transparent layer on the glass
and quartz surfaces. The CTMS functionalized glass and quartz substrates also
showed microscopic heterogeneity at 65x magnification. The APEX functionalized
with CTMS showed macroscopic heterogeneity. The optical transparency of CTMS
functionalized glass substrates have been confirmed in literature [4-5]. The presence
of microscopic heterogeneity on glass functionalized with CTMS agrees with the
findings in the literature [1, 6]. The changes created on the APEX surface were not
visible because the surface irregularities were so high that it was hard to distinguish if
the effects were created by CTMS or the inherent substrate itself [11].
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0.5 mm

0.5 mm

Glass

Quartz

20 μm

0.5 mm

APEX

20 μm

20 μm

Figure 4.1a Images from an optical microscope of cleaned surfaces at magnifications of 3x (top row) and 65x (bottom row).
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0.5 mm

Glass

0.5 mm

Quartz
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APEX
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20 μm

Figure 4.1.b Images from an optical microscope of CTMS functionalized surfaces at magnifications of 3x (top row) and 65x
(bottom row).
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Figure 4.1c Images from an optical microscope of Sigmacote functionalized surfaces at magnifications of 3x (top row) and
65x (bottom row).
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Figure 4.1d Images from an optical microscope of APTES functionalized surfaces at magnifications of 3x (top row) and 65x
(bottom row).
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Functionalization with Sigmacote also resulted in an optically transparent layer on the
glass and quartz surfaces. The optical quality of Sigmacote functionalized APEX
showed sample-to-sample variability. In some case, the samples appeared smooth and
in some cases, they were non-homogeneous. It was difficult to distinguish between
effects caused by Sigmacote or by the inherent sample.

Functionalization with APTES on all three glass-based substrates led to a formation of
agglomerates which were clearly observed even at a lower magnification of 3x. It also
yielded a patchy surface, as shown in Figure 4.1d. Agglomeration of APTES may
possibly be due to the chemistry of the APTES molecule, higher concentration of the
silane, the high time parameter of 24h or the cross-linking of the silane resulting in a
completely non-homogeneous coating [8-9, 13]. Further investigations are required on
functionalization with APTES.

In the case of APEX, high surface irregularities were visible even through naked eye
when cleaned as well as when functionalized with all the three silanes. One possible
reason for the greater variability may be due to the pre-treatment, wherein the etching
step by HF could be forming pits on the APEX surface and resulting in a highly nonuniform surface throughout [11].
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4.2 Surface Topography and Chemistry from SPM
Images from SPM are shown in Figure 4.2a-c. Scans are at 10 μm x 10 μm with
topography shown in the top row and phase contrast in the bottom row. The vertical
scales of topography are adjusted to give a reasonable contrast range for height across
comparable data sets. The vertical color scale is identical at 0° - 60° for all phase
contrast images (and is not shown for clarity in the image presentation).

As can be seen in Figure 4.2.a, wet cleaning techniques gave surfaces with distinct
differences in surface topography. Glass was featureless compared to the other
substrates, the quartz had a regular etch pattern, and APEX had the largest scale of
topographical features [7, 16]. A possible reason for this behavior could be the
supplier provided sample was not atomically flat. Another possible reason could be
the exposure to the UV/Ozone cleaning was long, leading to its reaction with the
substrate surface.

Despite topographical irregularities, uniformity in surface chemistry was observed in
phase contrast mode for glass and quartz. In comparison, the phase contrast images of
cleaned APEX glass showed two to three distinct phases on the surface, indicating
non-uniformity in chemistry throughout the surface. One reason for the distinct,
patchy variation in surface chemistry of APEX is because the different chemical
components in APEX are not uniformly dispersed in the bulk. This has been
demonstrated in other studies of APEX [11].
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Glass

Quartz

APEX

Figure 4.2.a Images from SPM of cleaned samples. The top row shows topography at 10 μm x 10 μm. The z range is 50 nm
for glass and quartz but 1μm for APEX. The bottom row shows chemistry for the same regions with 60° phase contrast.
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Glass

Quartz

APEX

Figure 4.2b Images from SPM of CTMS on surfaces. The same designations and scales apply for topography and phase as
in the previous set.
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Glass

Quartz

APEX

Figure 4.2c Images from SPM of APTES on surfaces. The same designations and ranges apply as in the previous set with
one exception. For topography in the top row, the z range is 2 μm on all images.
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From Figure 4.2.b, topographical images of CTMS functionalized glass and quartz
substrates showed no significant changes in surface features. Phase contrast images
of CTMS functionalized glass and quartz showed a uniform chemistry. The direct
effect of functionalization with CTMS on APEX surface roughness was difficult to
gauge. Despite high topographical changes, regions of uniformity in the surface
chemistry were observed. These regions appeared in distinct patches of sharp
differences in contrast. This implies that CTMS did not cover APEX uniformly as on
glass or quartz.

Functionalization with APTES on all the substrates resulted in a topographically nonuniform coating. Features up to 2 μm were observed in topographic images indicating
formation of agglomerates by APTES, as shown in Figure 4.2.c. Phase contrast
images revealed much more uniformity in chemistry on all three substrates. In the
case of APEX some disparities observed in the phase contrast images. One possible
reason for this could be non-uniform coverage of the silane. This may have led to
patchy coverage. This again confirmed the observations from the optical microscopy
images.

The RMS roughness values were extracted from SPM images comparable to those in
Figure 4.2. Values were averaged from scans over three regions on two samples of
each kind. They are reported in Table 4.1.
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Table 4.1 The RMS roughness (nm) values of glass-based substrates. Values
represent an average and standard uncertainty from 3 measurements on two samples.
Discussion of the value (a) is given in the text.
Substrates

Cleaned

CTMS

APTES

Glass

1.2 ± 0.5

2.2 ± 1.5

(a)

Quartz

2.8 ± 0.6

3.1 ± 1.0

300 ± 130

Apex™

46 ± 23

83 ± 27

243 ± 170

The roughness value of cleaned glass agree closely with the values found in literature
[7]. Quartz does not completely agree with the literature. Quartz substrates, in
principle, are considered atomically flat [6, 25]. Their RMS roughness value should
be below 1 nm. The difference is, the quartz in Figure 4.2 is etched. Cleaned APEX
had a much rougher surface in agreement with its topographical unevenness seen in
Figure 4.2a. Reasons for this could be the pre-treatment on the APEX glass wherein
the glasses are kept in HF for etching and wet cleaning with H2SO4. The high
roughness value also indicates that the annealing treatment followed by etching
treatment was not sufficient to remove the roughness created on the surface [11]. It
also confirms the results shown in the optical microscopy images.

Functionalizing glass with CTMS seems to increase the roughness. The variability in
roughness is greater with CTMS than with the clean glass. Therefore, the significance
of the increase is not high. Functionalizing quartz with CTMS has nearly the same
roughness.

Functionalizing with APTES resulted in topographically non-uniform surfaces
throughout on all the substrates. The SPM images and roughness values indicate the
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agglomeration of APTES on the substrate surfaces. Functionalization of glass-based
substrates with APTES led to a significant increase in surface roughness [7-9].

The roughness value (a) for glass functionalized with APTES is not reported due to
the statistical unreliability. The roughness values for six measurements were 4 nm,
5 nm, 33 nm, 98 nm, 114 nm, and 267 nm. The calculated average and uncertainty
was (87.0 nm ± 100.0 nm). A single average does not represent the scatter very well.
The variability in these values indicate that the APTES forms patchy layer. In some
regions it forms uniform layer whereas in some layer it forms agglomerates. This
leads to the bimodal nature of the measured roughness values. To avoid this
mathematical error in future studies, scan size should be greater than the features.
Also the number of measurements taken should be increased.

4.3 Surface Chemistry from Contact Angles

4.3.1 Clean, CTMS, and Sigmacote Surfaces
Results from contact angle measurements on as-received, cleaned, and functionalized
glass-based substrates are reported in Table 4.2. The testing liquid used during these
measurements was DI water. The values for APTES will be reported in the next
section.
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Table 4.2 The contact angle (°) of glass based substrates functionalized with CTMS
and Sigmacote. Values represent an average and standard uncertainty from 3-5
measurements on three samples.
Substrates

As Given

Cleaned

CTMS

Sigmacote

Glass

47 ± 4

24 ± 5

82 ± 3

85 ± 3

Quartz

41 ± 6

<5

78 ± 4

83 ± 4

APEX

<5

20 ± 5

82 ± 6

86 ± 5

The contact angle measured on cleaned glass agrees with the values provided in the
literature [4, 6, 16, 20]. The contact angle measured on cleaned quartz shows
complete wetting. This indicates the surface was contamination free. The APEX
showed a slightly different behavior than the regular glass and quartz substrates. A
slight rise in contact angle was observed after wet cleaning APEX. This behavior
could be either due to the baking, the etching by HF, or the annealing treatment
performed on APEX prior to the experiment.

Irrespective of the substrate chemistry, a significant rise in contact angle was
observed on the all three glass-based substrates with CTMS. The CTMS created nonwetting surfaces, making them hydrophobic. This behavior indicates the attachment of
tri-methyl silane group to the surface [1, 4-6].

Measured contact angles were consistent with a variability of less than 10% on all
substrates. The contact angle measured for CTMS functionalized glass agrees with
85° provided in literature [4, 18]. The contact angle for CTMS functionalized quartz
was lower compared to glass functionalized with CTMS. One reason could be the
UV/Ozone treatment conditions may not have produced enough hydroxide groups
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after cleaning. Previous studies reported considerable variation in contact angles with
maximum of about 88° when the surface had a complete coverage of silane [1, 6]. In a
different report, the value for CTMS on quartz was 72° ± 2° [1]. One reason for the
variability in results in this report and literature could be the conditions used in this
study. They have used vapor deposition techniques for CTMS functionalization and
they may have produced a different coverage of hydroxyl groups to start [Brito].
Another reason could be the microscopic heterogeneities of the CTMS
functionalization.

Functionalization of glass-based substrates with Sigmacote yielded high contact
angles (80° to 90°) resulting in the formation of a hydrophobic layer. The behavior
was similar to that seen with CTMS. The contact angles measured on all three
substrates were same with a variation of less than 10%. The contact angle agreed with
the value of 85° provided in literature [18-20].

4.3.2 APTES Surfaces
Contact angles after functionalization with APTES are shown in Table 4.3. The
testing liquid was changed to formamide since, as reported in Chapter 3, DI water
reacted with the APTES layer completely washing it off the surface. A significant
decline in contact angles was observed on all three substrates after the cleaning step.
The reason for this behavior is the removal of the contaminants from the surface.

Functionalization of glass and quartz with APTES showed a notable rise in contact
angles denoting formation of a stable APTES layer. Similarly, functionalizing APEX
with APTES led to an increase in contact angle values, although they were lower
compared to those of glass and quartz. The contact angle results obtained using
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formamide as a testing liquid on APTES functionalized substrates need to be
compared with literature for future studies.

Table 4.3 The contact angle (°) of glass based substrates functionalized with APTES.
Values represent an average and standard uncertainty from 3-5 measurements on three
samples. The testing liquid used was formamide.
Substrates

As Given

Cleaned

APTES

Glass

58 ± 4

24 ± 4

94 ± 8

Quartz

39 ± 9

20 ± 2

89 ± 5

Apex™

31 ± 8

<8

73 ± 5

4.4 Comparison
Contact angles can be changed by surface chemistry or roughness [1,4-5, 35]. An
increased surface roughness results in an increased surface area. If θ is less than 90°, it
is decreased by roughness, while if θ is greater than 90°, it is increased [49-50].
Young’s theory defines how the contact angle needs to increase accordingly to
balance the enlarged surface energy between the solid surface and liquid droplet. The
surface roughness parameters of the functionalized surfaces were calculated from the
topographical data measured by scanning probe microscopy [11, 35, 37-38].

The relationship between surface roughness and contact angle was developed by
Wenzel [49] in 1936. He proposed that a rough surface area extends the solid-liquid
interface area compared to a projected smooth area. The equation that he proposed is
given below.

56

(1)
(2)

where θm is the contact angle measured on rough surface, θT is the true contact angle
on flat surface, and R is the ratio of actual surface area to projected surface area. The
value of R was determined from equivalent images in Figure 4.2. Values of θT were
then calculated using equation 1.

Values of R and θT calculated using the Eq. 1 and 2 are shown in Table 4.4. Values
reported in the third column (θm) represent contact angles of all three substrates
functionalized with APTES.
Table 4.4 Actual and measured values of θ and ‘R’ factor of glass based substrates
functionalized with APTES. Values represent an average and standard uncertainty
from 3-5 measurements on three samples. The testing liquid used was formamide.
Substrates

Rvalue

θm (°)

θT (°)

Glass

1.1 ± 0.1

94 ± 8

94 ± 9

Quartz

2.0 ± 1.0

89 ± 5

90 ± 8

Apex™

1.3 ± 0.2

73 ± 5

77 ± 6

The values of R on clean glass, quartz, and APEX were nearly 1. Value of R ≈ 1,
makes the θm and θT nearly equal. On these surfaces, roughness had no effect on
contact angle and values reported in Table 4.2 are true. CTMS functionalized glass
and quartz substrates were nearly 1. This led to the conclusion that the rise in contact
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angle after functionalization with CTMS is purely because of the surface chemistry
changes rather than the surface topography.

True and measured contact angle values for glass and quartz functionalized with
APTES remain nearly in agreement with each other as shown in Table 4.3. The
scenario was different in the case of APEX functionalized with APTES where R
played a major role in the change in contact angles. The difference between the
measured contact angle and true contact angle was about 4°. The images from optical
microscope and SPM revealed that the APTES functionalization results in a patchy
surface. This confirms that decline in contact angles after functionalization with
APTES was the effect of both surface roughness and surface chemistry.

A conclusion from the above optical and SPM images is that APTES functionalization
leads to patchy surfaces where as CTMS and Sigmacote leads microscopically
heterogeneous surfaces. Using the values reported in Table 4.3 and solving the
equation provided by Cassie [48] is (rewritten Eq. 3.2).

(3)

Representative calculation is shown below to obtain the fractional coverage of the
patchy surfaces created by APTES functionalization on APEX glass. The surface has
two kinds of patches, fsilane, the fractional area covered by the silane, and fcleaned, the
fractional coverage of cleaned surface. For the case of APEX functionalized with
APTES, area covered by silane patches is around 70% and around 30% uncovered
area. It also confirms that the APTES functionalization was non-uniform.
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4.5 Water Stability
The integrity of the silanized samples was tested using a water stability test. In this
test, the samples were functionalized with CTMS, Sigmacote and APTES and then
immersed in water for a constant time of 24 h. Contact angles were measured before
and after the immersion in water. As can be seen from the Table 4.5, there was no
significant change was seen in the contact angles in the case of CTMS and Sigmacote
functionalized glass. On the other hand, the contact angle for APTES functionalized
glass decreased significantly. These two factors indicate that APTES had been
removed by water.

Table 4.5 The contact angle (°) of all three silane functionalized glass, before and
after 24 h DI water immersion. Values represent an average and standard uncertainty
from 3-5 measurements on three samples of each silane.
Silanes

Functionalized

24 h (DI water immersed)

CTMS

80 ± 3

76 ± 4

Sigmacote™

84 ± 2

79 ± 3

APTES

94 ± 8

54 ± 14

Another observation was made about the air stability of CTMS functionalization
layer. The contact angle of CTMS functionalized glass when kept in the presence of
air for two months measured 82° ± 3° (value represents an average and standard
uncertainty from 3-5 measurements on three samples). This indicated excellent
stability of CTMS in the presence of air as it did not alter the surface chemistry of the
CTMS coating.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Summary
The primary goal of this study was to demonstrate the effectiveness of different silane
formulation to functionalize glass-based substrates. While working towards this goal,
the concentration factor that affects the functionalization steps was investigated,
keeping time constant in the case of CTMS and keeping the concentration same time
parameter changed in the case of APTES.

Regular glass and APEX glass were cleaned using a MeOH : HCl treatment followed
by H2SO4. Quartz was cleaned using a UV/Ozone cleaner. The substrates were
functionalized using appropriate concentrations obtained from initial studies. For
CTMS and APTES solution concentration was 1 vol%, Sigmacote used as is. The
immersion time for CTMS and Sigmacote was 20 min and for APTES 24 h. Contact
angles were used as a qualitative measure of the cleanliness the substrates. It was also
used to characterize the uptake of CTMS and to compare the chemistry of the
different silane coatings. Scanning probe microscopy was used in tapping mode t
image topography and variations in phase contrast on the surfaces.

5.2 Conclusions
An initial study on cleaning techniques showed that plasma cleaning by itself is
inefficient on gross contaminates. Wet chemistry was effective to clean glass and
APEX, and UV/Ozone was effective to clean quartz. Surfaces cleaned by these
methods showed consistent water contact angles and demonstrated hydrophilic nature.
Quartz seems to be etched in topography, perhaps from the UV/Ozone cleaning step.
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Both glass and quartz had nearly uniform surface chemistry as seen in the phase
contrast images.

Functionalizing with CTMS does not alter the topography on glass or APEX; it
creates a uniform chemistry on both glass and quartz. Contact angle measurements on
functionalized substrates revealed that irrespective of substrate chemistry,
functionalization with CTMS and Sigmacote produced a stable hydrophobic layer.

For CTMS on glass, uptake seems to show a Langmuir isotherm behavior as a
function of solution concentration. The uptake is however not an equilibrium process.
It is consistent with a two-step model where CTMS physisorbs (equilibrium step) and
then reacts (rate determining step). At a constant deposition time, the coverage
increases with solution concentration at low concentrations and is constant at high
concentration. At intermediate concentrations, coverage fluctuates with solution
concentration. This may be due to competition between the physisorbed CTMS and
other physisorbed species (water) for reaction sites. A coverage model where the
CTMS is patchy or micro-heterogeneous may apply. The micro-heterogeneous model
is supported by results from phase contrast images, where the surface chemistry of a
CTMS layer is seen to be uniform not patchy. A model of micro-heterogeneous
coverage as a function of uptake is more appropriate than a patchy layer model.

Functionalizing with CTMS or Sigmacote creates a uniform chemical layer regardless
of the substrate. Functionalizing any of the substrates with APTES creates a patchy
layer of agglomerates. The CTMS and Sigmacote formed stable layers that remained
intact when exposed to water. The APTES washed away.
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5.3 Future Work
The silanization reaction is a complex process that deals with numerous factors such
as concentration, time, and temperature. In this study, the focus was on optimizing
concentration parameter for functionalization of regular glass with CTMS. For future
studies, an analysis that varies time and temperature should be performed. This study
used 1 vol% CTMS at 20 min as an “optimal” value after preliminary uptake studies.
Further analysis of uptake curves shows that concentration of 5 vol% CTMS 20 min
will be better suited to get full coverage of silane on the surface.

Functionalization with APTES requires further study. In particular, the deposition
must be done to avoid agglomeration. Removing water in the process is a key factor.
This may require better drying of the substrates or better control on the dry N2
conditions during the deposition. Surface chemistry can only be inferred indirectly by
contact angle or phase contrast imaging. The use of XPS would give direct
characterization of the surface chemistry. Contact angles measurements using
formamide as a testing liquid on glass coated with CTMS would be important to
match comparable studies done APTES. Further analysis is required in the case of
APEX glass because of its inhomogeneity in terms of chemistry and topography.
Imaging more samples with SPM will improve the confidence on the topography,
roughness values, and phase contrast results as being truly representative of this
material.
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